I. INTRODUCTION
A thermal diode (or rectifier) transfers heat only in the favorable direction, which is strongly needed to recycle the waste heat energy, [1] [2] [3] efficiently use the building energy, 4 and completely open new energy-saving applications, i.e., thermal computers. [5] [6] [7] [8] [9] However, the main challenges of such systems lie in the extremely difficult manufacturing, poor steady-state efficiency, slow transient response, limited operation conditions, and/or required expensive external thermal control systems. 6, [10] [11] [12] [13] [14] The degree of the thermal diode (or rectification), R, is defined as
where jq þ j and jq À j are heat fluxes in the favorable and unfavorable directions, respectively, and the thermal diode requires that R > 0. Various designs employing nonlinear heat transfer characteristics, both experimentally and theoretically, have been explored. 8, 13, 14 The first thermal diode has been experimentally demonstrated in the solid state, i.e., Cu/CuO interface, R max $ 1.7. 15 The recent emergence of nanotechnology has led to experiments involving the use of asymmetric carbon nanotube, R max $ 0.07; 6 asymmetric graphene oxide, R max $ 0.25; 16 electrochemically tuned thermal diode material, R max $ 0.5; 17 and asymmetric radiative thermal transport, R max $ 0.11. 9 To improve the relatively low R, liquid-based systems have been employed using nonlinear convection in heat pipes, R max $ 200 18 and 1000 19 or heterogeneous water wettings, R max $ 100 20 and 0.46. 21 However, liquid-based systems result in a relatively slow transient response $10 min, which may limit their performance in some applications. Numerous theoretical frameworks for efficient thermal diode mechanisms have been explored in the literature, 2, 3, 7, 13, 14, but those have not been demonstrated in experiments, due to the necessary expensive or challenging, atomic-level manufacturing technologies. These mechanisms also include nonlinear quantum systems, 2,25-31 which should be a long-term approach for the experiments. Further experimental improvement in steadystate and transient performance requires an innovative approach using a viable theoretical framework for the experimental realization.
II. ADSORPTION-CONTROLLED THERMAL DIODE
In this study, a thermal diode is examined using a gasfilled nanogap with heterogeneous gas-solid surface interactions as shown in Fig. 1 . This aims at developing a new class of thermal diode mechanism via nonlinear gas conduction for efficient steady-state performance and fast transient response.
The thermal conductivity in the gas-filled nanogap (Knudsen regime) is well understood using a kinetic theory. 52, 53 In Knudsen regime (
, where the characteristic length of the nanogap, L z , is similar to the mean free path, k f , the effective thermal conductivity across the gasfilled nanogap is related to the thermal accommodation coefficients (TACs) of both surfaces and the ballistic thermal transport through the gas molecules. In 0.1 < Kn L < 10 (transition regime), the effective thermal conductivity of gas confined in the nanostructure is given as 52, 53 
where hk f,fm i is the effective thermal conductivity in free molecular regime (Kn L > 10), and a T,1 and a T,2 are the TACs at surfaces 1 and 2, respectively. TAC is defined as where hq f,z i and hq f,z i 0 are the heat flux of the impinging and reflecting gas molecules to/from the solid surface, respectively, and hq f,z (T s )i is the heat flux between the solid and gas molecules.
The demonstration of the thermal diode in the gas-filled nanogap requires either asymmetric ballistic thermal transport via gas atoms, and/or controlled interfacial thermal transport via TACs with respect to a temperature gradient direction. To control such thermal transport, an Ar gas-filled nanogap with heterogeneous materials is employed having Pt for the lower surface (T 1 ) and an artificial material for the upper surface (T 2 ) that has a weaker gas-solid interaction compared to the lower surface. At an equilibrium state, i.e., T 1 ¼ T 2 , gas atoms are more attractive to the solid surface due to the stronger gas-solid interaction than fluid-fluid interaction, so called adsorption, but the amount of adsorption onto the Pt surface is larger than that of the weaker gas-solid interacting surface due to smaller attraction, i.e., heterogeneous adsorption. At a nonequilibrium state, T 1 6 ¼ T 2 , the amount of the adsorption is different from that of the equilibrium state, since the local thermal equilibrium of each surface changes from the different surface temperatures. In fact, the amount of adsorption is determined by the combination of the gas-solid interaction energy and the surface temperature; the stronger the surface energy, the greater is the amount of the adsorption. 54 When the temperature gradient is upward (T 1 > T 2 ), both surfaces have moderate number of adsorbed particles, because the higher temperature of the Pt surface (strong interaction) desorbs Ar atoms, while the lower temperature of the upper surface (weak interaction) adsorbs them. This moderate adsorption on both surfaces leads to large amounts of TAC on both surfaces, resulting in a significant heat transfer across the interfaces. On the other hand, when the temperature gradient is in the opposite direction, the high temperature with small gas-solid interaction results in a poor adsorption on surface 2, which leads to a low TAC, whereas the lower temperature with large gassolid interaction causes a significant adsorption on surface 1 and results in high TAC. The poor interfacial heat transfer across surface 2 in turn results in a poor overall heat transfer, and this leads to the asymmetric heat transfer, i.e., thermal diode (or rectification). A key heat transfer control mechanism is to control TAC, which requires a nanogap size of the same order of the gas mean free path.
III. METHODOLOGY
The thermal diode is calculated using nonequilibrium molecular dynamics simulation (NEMDS). A brief description of the non-equilibrium molecular dynamics simulations is given here and details could be found in the supplementary material including the validation of NEMDS (Fig. S1 ). 576 argon atoms are filled in a nanogap of L z ¼ 20 nm with L x ¼ 8.864 nm and L y ¼ 7.676 nm. Periodic boundary conditions are used for x and y directions, while non-periodic boundary condition is used for z direction. Note that the thermal diode is achieved by the control of thermal accommodation coefficient, which requires the nanostructure size to have the same order of the mean free path of the gas. Here, L z ¼ 20 nm for the gas pressure of 10 to 800 kPa and the temperature of 80 to 130 K.
A temperature difference of DT ¼ T 1 À T 2 ¼ 620 K is used across the nanogap to create the temperature gradient, and the resulting ensemble-averaged heat flux across the gasfilled nanogap is calculated using the given relation 55, 56 hqi
where V is the volume, m i is the mass of the argon particle, u i is the particle velocity, u i is the potential energy, r ij is the displacement separation vector between ith and jth atoms, and F i is the interactive force vector. The key design parameter for the thermal diode is the asymmetric gas-solid interaction in surfaces 1 and 2. Here, the degree of the asymmetric interaction parameter is given as e* ¼ e sf,2 /e sf,1 . We used e sf,1 ¼ 0.1573 kcal/mol with e* ¼ 0.75 and 0.5 to have heterogeneous surface.
IV. RESULTS AND DISCUSSION
The predicted heat fluxes [Eq. (4)] are shown in Fig. 2 as a function of the average nanogap temperature, i.e., 80 hTi 130, for e* ¼ 1.0, 0.75, and 0.5.
Note that the gas temperature associated with the average nanogap temperature is found in Section B of the supplementary material. For e* ¼ 1.0, the heat flux increases with increasing the average nanogap temperature. A higher surface temperature desorbs the Ar particles (under the fixed number of Ar atoms), resulting in a higher gas pressure and heat flux. In fact, although the high surface temperature results in a lower TAC (lower heat flux), the heat flux enhancement by the increased pressure outweighs the heat FIG. 1. A schematic of the adsorption-controlled thermal diode using a gasfilled nanogap. (a) hq þ i ) 0 for T 1 > T 2 and (b) hq À i $ 0 for T 1 < T 2 due to the adsorption-controlled asymmetric isotherm and thermal accommodation coefficient (TAC). The surface temperatures, T 1 and T 2 , heat fluxes, hq þ i and hq À i, gas-solid interactions, e sf,1 and e sf,2 , nanogap size, L z , and the adsorbed particles are also shown.
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T. Avanessian and G. Hwang J. Appl. Phys. 120, 165306 (2016) flux decrease by the lower TAC. No significant difference between hq þ i and hq À i is found due to the symmetric heat transfer for both temperature gradient directions, i.e., no diode effect, R $ 0. However, for e* ¼ 0.75 and 0.5 (asymmetric surface interaction), the heat flux when T 1 > T 2 is much higher than when T 1 < T 2 . This asymmetric heat flux is more pronounced in low temperatures, due to significant asymmetric adsorptions onto the nanogap surfaces and resulting gas pressure variation when the direction of temperature gradient changes. Note that there are peaks in hq þ i at 100 K and 110 K for e* ¼ 0.75 and 0.5, respectively. These deflection points are related to the combined effect of gas pressure-TACs on the heat flux; for lower temperatures, the heat flux increases by increasing the gas pressure without decreasing TACs, whereas for higher temperatures, the heat flux begins to decrease due to the poor TACs. Using the obtained heat fluxes, the variations of R [Eq. (1)] for e* ¼ 1.0, 0.75, and 0.5 are calculated as shown in Fig. 3 . For e* ¼ 1.0, R $ 0 due to the symmetric heat flux through the homogeneous nanogap. For e* ¼ 0.75 and 0.5, the maximum degrees of the rectification are R max ¼ 6.7 and 5.6 at T ¼ 80 K, respectively, due to the adsorptioncontrolled, gas pressure and TAC. The thermal diode effect decreases down to R $ 0.1, at high temperatures, i.e., T ¼ 130 K, due to no significant adsorption-controlled gas pressure and TAC, i.e., almost identical nanogap pressure for heat flux in positive and negative directions.
To further understand the asymmetric heat flux, the number density of adsorbed Ar atoms near the surfaces, n f , is calculated as a function of surface temperature, and the results are shown in Fig. 4 . The number density of the gas region is shown in Fig. S2 of the supplementary material.
In Fig. 4(a) , for e* ¼ 1.0 (homogeneous surfaces), the number density of adsorbed particles on the cold temperature surface is higher than that on the hot surface, but it is lower than the liquid Ar. As the surface temperature increases, the number density on the cold surface decreases due to the desorption (or higher kinetic energy of Ar particles), while the number density on the hot surface increases due to the adsorption by increased gas pressure. More importantly, when the temperature gradient direction changes, the same number densities are determined near both cold and hot surfaces, i.e., no thermal diode effect. In the case of e* ¼ 0.75, for hq þ i, both surfaces have similar number densities, decreasing with increasing the surface temperature, whereas for hq À i, the number densities of both surfaces are significantly different due to the heterogeneous gas-solid interactions [ Fig. 4(a) ]. This in turn results in asymmetric heat flux, i.e., thermal diode. In the case of e* ¼ 0.5, for hq þ i, the number density near the cold surface is considerably higher than that near the hot surface, i.e., the difference between them is greater than that for e* ¼ 0.75 due to the large surface interaction heterogeneity, and this difference is more pronounced at low temperatures.
The origin of the thermal diode effect is further articulated by calculating the asymmetric TAC on the heterogeneous gas-solid interactions, e* ¼ 0.75 and 0.5, as shown in Fig. 5 . For e* ¼ 1.0, the TAC is high, a T $ 0.9, at low surface temperatures due to the significant adsorption and it decreases down to a T $ 0.5 as the surface temperature increases up to T ¼ 140 K. The predicted TACs reasonably agree with that of the previous studies. [57] [58] [59] Moreover, the TAC does not change when reversing the temperature gradient direction. However, for e* ¼ 0.75 [ Fig. 5(a) ], in hq þ i, the TAC for the strong surface is significantly higher than that for the weak surface, and TACs for both surfaces decrease with increasing surface temperatures. In hq À i, the TAC on the strong surface is similar to that for hq þ i, whereas the TAC on the weak surface is lower than that for hq þ i, especially at low temperatures. This asymmetric TAC causes the thermal diode. For e* ¼ 0.5 [ Fig. 5(b) ], the difference between the TACs in hq þ i and hq À i is much larger than the case for e* ¼ 0.75, but the TACs are symmetric between hq þ i and hq À i. Even though the TACs are symmetric, we observe the significant thermal diode effect as shown in Fig. 3 . 
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To further elucidate the origin of the thermal diode effect, the gas pressure of the nanogap is calculated as shown in Fig.  6 as a function of average nanogap temperature. For e* ¼ 1.0, the gas pressure is symmetric; however, for e* ¼ 0.5, the gas pressure for hq þ i is much higher than that for hq À i due to large desorption from the strong surface for hq þ i and significant adsorption onto the strong surface for hq À i.
This indicates the dominant source of the thermal diode effect for reversed temperature gradient direction where TACs are symmetric, as shown in Fig. 5(b) . For e* ¼ 0.75, this gas pressure change is less pronounced compared to e* ¼ 0.5, i.e., by a factor of 2 (hp g,þ i/hp g,À i $ 9 for e* ¼ 0.5 and hp g,þ i/hp g,À i $ 5.5 for e* ¼ 0.75 at hTi ¼ 80 K), showing that the change in gas pressure combined with the asymmetric TAC causes the thermal diode.
V. CONCLUSIONS
In this study, the adsorption-controlled thermal diode is examined using the Ar-gas-filled heterogeneous nanogap. The thermal diode effect is caused by the asymmetric gas pressure combined with TACs under different strengths of solid-gas interaction, showing the maximum degree of rectification, R max $ 7 for e* ¼ 0.75 at T ¼ 80 K. For e* ¼ 0.75, the thermal diode is originated by the combination of the adsorption-controlled asymmetric gas pressure and TACs, while for e* ¼ 0.5, it is dominantly controlled by the asymmetric gas pressure. The obtained results for the Ar-filled Pt-based nanogap with the tailored materials provide a design guideline for the thermal diode using real materials. e* ¼ 0.75 and 0.5 can be designed using Pt/Ni and Pt/Al as strong/weak surfaces based on the LJ potential in literature, respectively. 60 The developed thermal diode can serve as a basic building block to design advanced thermal systems such as thermal switches and thermal computing systems. and matching support from the State of Kansas through the Kansas Board of Regents. This work was also partially supported by the start-up fund from the College of Engineering, Wichita State University. This work also used the Extreme Science and Engineering Discovery Environment (XSEDE), which was supported by National Science Foundation Grant No. ACI-1053575.
